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A common protein fold and similar
active site in two distinct families

of B-glycanases
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The structure of Clostridium thermocellum endoglucanase CelC, a member of the
largest cellulase family (family A), has been determined at 2.15 A resolution. The
protein folds into an (a/), barrel, with a deep active-site cleft generated by the
insertion of a helical subdomain. The structure of the catalytic core of xylanase
XynZ, which belongs to xylanase family F, has been determined at 1.4 A
resolution. In spite of significant differences in substrate specificity and structure
(including the absence of the helical subdomain), the general polypeptide folding
pattern, architecture of the active site and catalytic mechanism of XynZ and CelC
are similar, suggesting a common evolutionary origin.

Cellulases and hemicellulases offer an excellent oppor-
tunity to study structure-function relationships in a wide
range of enzymes having closely related catalytic activi-
ties but a variety of different structures. Sequence analy-
sis and biochemical studies have shown that many of
these enzymes contain a catalytic domain as well as other
polypeptide subunits which are usually not directly in-
volved in catalysis (cellulose-binding domains, for ex-
ample)'. Based on sequence comparisons, the catalytic
domains of cellulolytic and xylanolytic enzymes can be
grouped into several families. In spite of sometimes very
low identity scores, enzymes belonging to the same fam-
ily have been predicted to share a similar polypeptide
folding pattern and a similar active-site architecture in-
cluding conserved catalytic residues*. Available evidence
indicates that -glycanases of the same family proceed
by the same type of mechanism, leading either to in-
version or to retention of configuration at the
anomeric carbon. By contrast, enzymes belonging to
different families may have different mechanisms, and
quite different protein folds*. It is therefore of inter-
est to determine the three-dimensional structure and
mechanism of B-glycanases belonging to different
families, in order to provide patterns after which struc-
turally related enzymes can be modelled. This study
presents and compares the structures of endoglucanase
CelC (Fig. 1) and xylanase XynZ of Clostridium
thermocellum (Figs 2, 3). CelC is a member of family A
cellulases, for which more than 65 sequences (but no
previous structural information) are available. XynZ is
a member of family F xylanases, for which at least 27
sequences are known.
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Structure of endoglucanase CelC

The structure of C. thermocellum endoglucanase CelC, a
member of cellulase family A, was determined by
X-ray crystallography at 2.15 A resolution using mul-
tiple isomorphous replacement and density averaging be-
tween two crystal forms. The protein is a cylindrical
(0/B), barrel (Fig. 1) with two B-bulges at strands 3 and
7 and an acidic cleft containing the active site on the
carboxy-terminal side of the barrel. First observed in tri-
ose phosphate isomerase’, the (o/B), barrel topology was
subsequently found in enzymes with a wide variety of
unrelated activities, including various glycohydrolases
such as 3-galactosidases, neuraminidases, .- and B-amy-
lases, lichenases, xylanase, and chitinases.

A segment of 54 amino acids adjacent to the active-
site cleft of CelC folds into a distinct subdomain con-
sisting of four o-helices and a short two-stranded B-
structure. Inserted between strand 6 and helix 6 of the
/P barrel, this subdomain extends the top of the barrel
on one side, thus creating a deep substrate-binding cleft.
This structural element is present in some, but not all
enzymes of family A. Several endoglucanases of subfamily
A2, for example, carry a deletion of exactly 54 residues
in this region with respect to CelC.

The active site and hydrolytic mechanism

Substrate hydrolysis by CelC proceeds by a two-step acid-
base mechanism leading to retention of configuration
at the anomeric carbon®. Glu 280, identified as the nu-
cleophilic residue involved in catalysis®, lies at the bot-
tom of the active-site crevice. The carboxylate group of
Glu 280, partially stacked between conserved residues
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Trp 313 and His 198, is within hydrogen-bonding dis-
tance of Tyr 200 (2.8 A) and Arg 46 (3.0 A;Fig. 5a).
The structure of a complex between an inactive mu-
tant of CelC (Glu 280 — Cys), CelC, > and cellotriose
(which has been determined at 3 A resolution) shows the
substrate bound to the bottom of the crevice (Fig. 4¢),
adjacent to the residue at position 280 and in contact
with Asn 139, His 90 and Glu 140. Amino acid substitu-
tions at these three positions strongly inactivate Cel(?
and other homologous cellulases®, and suggest that Glu
140 is the proton donor in the catalytic reaction’. The
crystal structure of the complex confirms this hypoth-
esis; the glutamate side chain is immersed in a hydro-
phobic environment, favourably positioned to interact
directly with the substrate (Fig. 4¢). In the unliganded
orthorhombic structure, however, Glu 140 projects out-
wards from the substrate-binding site (Fig.1a). The dif-
ferent orientations of Glu 140 are coupled to the confor-
mation of the loop residues 95-103, which presents a
well-defined structure in the substrate-bound crystal

form (Fig. 4¢) but is disordered in the unliganded struc-
ture. In particular, Phe 97 closes in on the carboxylate
group of Glu 140 when ligand is bound. Similar confor-
mational changes associated with substrate binding'®
or pH variation'' were observed in other B-glycanases.
Crystal packing differences might explain, at least in
part, the observed structural changes between the
unliganded (orthorhombic) and substrate-bound
(tetragonal) forms of CelC, but the concerted move-
ment of the two active site loops may also reflect an
induced fit effect associated with ligand binding. Ad-
ditional studies of uncomplexed and complexed CelC
in the same crystal form are required to further clarify
this issue.

Structure of xylanase Xynz

The structure of the catalytic domain of C. thermocellum
xylanase XynZ, which belongs to B-glycanase family F,
was determined at 1.4 A resolution. The domain folds
into an eight-stranded o/f barrel with an additional
amino-terminal o-helix (Fig. 2), a structure similar to
that of homologous xylanases from other species'>*. The
active site is formed by an acidic cleft on the carboxy-
terminal side of the -strands. Amino acid residues in
the B-barrel form a continuous hydrogen-bonded net-
work around the cylinder, partially disrupted at strands
3,4 and 7 by B-bulges containing key functional resi-
dues (His 596, Glu 645 and Glu 754). The structure re-
sembles that of CelC in overall shape and orientation of
the substrate-binding groove. The similarity extends to
specific features such as the two B-bulges at strands 3
and 7, the conformation of some loops at the bottom of
the barrel, and the presence of several intramolecular
salt bridges. Equivalent regions of the two structures can
be superimposed with a root-mean-square deviation of
1.9 A for 159 corresponding Co positions (Fig. 3). There
are 25 sequence identities between CelC and XynZ; 21 of
these occur in structurally equivalent regions either at

various framework positions or at key functional posi-

tions in the active site. The resulting alignment reveals a
better match towards the C-terminal end of helices and
N-terminal end of strands (Fig. 3b), consistent with
structural changes being required to evolve a distinct
specificity.

Fig. 1 Schematic view of
endoglucanase CelC. a, Ribbon
diagram (drawn with MOLSCRIPT?9)
showing the overall topology. Helices
and strands in the (a/p), barrel are
coloured in red and yellow,
respectively. The subdomain inserted
between strand 6 and helix 6 is shown
in blue. The catalytic residues are
shown in ball-and-stick representation.
b, Co stereodiagram oriented as in
(a). Residues 95-103 (not shown) are
disordered in the orthorhombic
crystal structure.
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Xylanase active site

Hydrolysis by XynZ proceeds with retention of an anomeric
configuration® through a double displacement reaction
mechanism. Residue Glu 754, strictly conserved and iden-
tified as the nucleophile in other xylanases', is positioned
at the bottom of an acidic crevice (Fig. 4b). Glu 754 is within
hydrogen-bonding distance of His 723 (2.80 A), Asn 687
(3.07 A) and two water oxygens (2.79, 2.96 A) which fill
a cavity deep inside the active site. The nucleophile is
stacked between two conserved residues, Trp 795 and
Gln 721 (Fig. 5b). More exposed to the solvent, the acid
catalyst Glu 645 is positioned in a less restrained stere-
ochemical environment, forming weak hydrogen bonds
with Trp 600 and Gln 721. Substrate binding could possi-
bly modify the local structure and charge density around
the side chain of Glu 645, thus favouring the protonated
state required for catalysis'.

Similar active sites in different families

The geometry and mechanism of the catalytic centres of
CelC and XynZ are strikingly similar. Both enzymes hy-
drolyze the -1,4-glycosidic bond through a double dis-
placement mechanism?*. The catalytic glutamate residues,
atequivalent positions in the sequence (Fig. 3b), are situ-
ated in a similar chemical environment. The nucleophilic
carboxylate is stacked between a strictly conserved Trp
residue and a polar planar group - histidine in family A

nature structural biology volume 2 number 7 july 1995

Fig. 2 Backbone structure of Xynz. a,
Ribbon diagram with helices coloured
in red and strands in yellow. The
catalytic residues are shown in ball-
and-stick representation. b, Co stereo
diagram of the molecule. The view is
oriented as in Fig. 1.

cellulases or glutamine in family F xylanases (Fig. 5).
Moreover, the protonation state of this glutamate is con-
ditioned by hydrogen-bond interactions with a con-
served tyrosine (family A) or histidine (family F) side
chain. The proton donor Glu 645 has the same confor-
mation as Glu 140 in the liganded form of CelC. Other
equivalent positions include an invariant acidic residue
(Glu 136 in CelC, Asp 641 in XynZ) which forms a bur-
ied salt bridge in both structures, and an asparagine resi-
due immediately preceding the proton donor glutamate
at the end of strand 4 (Fig. 3b). Substitution of Asn 139
by alanine or aspartic acid in CelC strongly inactivates
the enzyme’. Indeed, the asparagine side chain occupies
a central position in the active site of the two structures
(Fig. 5), close to (but not in contact with) the two cata-
lytic glutamates.

The similar active site architecture of family A cellu-
lases and family F xylanases is also observed in other -
glycanases. The spatial arrangement of active site resi-
dues in two barley glycanases with different specificities'®
closely resembles that of CelC and XynZ (Fig. 6). For
example, the nucleophile Glu 232 is also stacked between
an aromatic and a polar planar group, with its carboxy-
late group within hydrogen-bonding distance of a ty-
rosine residue. At equivalent positions in the sequence,
Arg 31 fulfills a similar structural role as Arg 46 in CelC,
and a bulge at the end of B-strand 4 brings the two polar
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Fig. 3 a, Stereoview of the superimposed Ca. backbones of CelC (in black) and XynZ (in red). b, Sequence alignment of
the two proteins based on the three-dimensional structures. Sequence identities are indicated by vertical bars.
Structurally equivalent residues are shown in blue (the r.m.s. deviation in Co. atoms is 1.9 A for 159 equivalent positions).
Helices (red bars) and p-strands (green bars) are indicated. Residues largely conserved within each family of enzymes
are boxed. Family A cellulases have been classified in five subfamilies (A1-A5) on the basis of amino acid comparisons®,
with only a few critical residues strictly conserved across different classes. CelC belongs to subfamily A3.
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Fig. 4 Electron density of active-site residues. The maps
(contoured at 1 o level) were calculated with (3F -2F)
amplitudes and phases calculated from the corresponding
final models. a, Unliganded CelC in the orthorhombic space
group at 2.15 A resolution. Note the partially disordered
side chain of Glu 140 pointing towards the solvent. b,
Xylanase XynZ at 1.4 A resolution. The peptide bond
between His 596 and Thr 597 adopts a cis conformation.
The catalytic residues Glu 645 and Glu 754 are indicated. c,
CelC,,4,-cellotriose complex at 3 A resolution. The
conformation of Glu 140 and the path of the polypeptide
chain for residues 95-103 are clearly visible in density. The
unexplained electron density adjacent to position 280 is
consistent with two bound glucosyl residues (not modelled).

residues Asn 92 and Glu 93 close to the centre of the
active site. Glu 288 (but not Glu 93) has been proposed
as the second catalytic residue by chemical labelling in
barley glycanases'. The three-dimensional structures'®
are consistent with either residue Glu 288 or Glu 93 act-
ing as the acid catalyst in the reaction' (Fig. 6), however
the clear similarity of the active-site cleft with that of
CelC (Fig. 5a) strongly suggests Glu 93 as the proton
donor.

Several family A endoglucanases, particularly those
of subfamily A4, display significant xylanase activity'*>.
Conversely, family F xylanases are able to cleave chro-
mogenic cellobiosides?"*2. Family A enzymes, however,
usually show a strong preference for B-1,4-glucan sub-
strates, whereas family F enzymes predominantly hydro-
lyze xylan”. Some amino acid positions in the active site
region, invariant within each family but differing be-
tween xylanases and cellulases, may be associated with
the distinct specificity for cellulose or xylan substrates.
This is the case for the two nucleophile-contacting resi-
dues (His 198 and Tyr 200 in CelC, Gln 721 and His 723
in XynZ), which are exposed to the binding cleft (Fig.
5). One difference involves Arg 46; its §-guanido group
interacts with several acidic and polar groups (Asn 9,
Asp 88, Glu 136, Asn 139 and Glu 280) in CelC and is
strictly conserved in family A cellulases (Fig. 3b). A
smaller residue (valine or threonine) at the equivalent
position in family F xylanases promotes the formation
of a cavity (filled with water molecules in XynZ). This
cavity may serve to accomodate side-chain substituents
borne by natural xylans, which are characterized by a -
1,4-linked-D-xylopyranosyl backbone carrying a vari-
able number of different monosaccharide or short oli-
gosaccharide side chains.

Common evolutionary origin

A low level of amino acid sequence similarity and clear
difference in substrate specificity led to the designation
of two separate classes for glycanases of families A and F.
Despite these differences, CelC (family A) and XynZ
(family F) display similar structures and a common cata-
lytic mechanism. Thus, the two enzyme families, as well
as other B-glycanases presenting a similar overall fold
and active site architecture', may derive from a com-
mon if distant ancestor whose divergent evolution has
led to enzymes with different substrate specificities. In-
deed, this hypothesis has been recently put forward by

nature structural biology volume 2 number 7 july 1995

Jenkins and collaborators'® and Henrissat and collabo-
rators®, who proposed that several established
glycohydrolase families may actually form a superfamily
of o/f barrel proteins having a similar disposition of
catalytic residues.

Family B cellulases also share a similar (albeit irregu-
lar) o/ topology and have their active site at the same
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Fig. 5 Schematic stereoview of the active site in a, tetragonal CelC and b, XynZ showing conserved residues in family
A cellulases and family F xylanases. A histidine residue in strand 3 (His 90 in CelC, His 596 in XynZ), which is strictly
conserved in both families, albeit at non-equivalent positions in the sequence, occupies a similar position in space

and is critical for enzymatic activity’.

end of the barrel®, yet catalysis proceeds by a different
mechanism* (inversion of configuration) and the loca-
tion of catalytic residues is quite different. Thus, any evo-
lutionary relationship between cellulases of family B and
enzymes of families A and F must be very distant. Gly-
cosyl hydrolases of other families have similar acid/base
mechanisms, but the three-dimensional structures now
available reveal completely different protein folds!®1126:27,
Thus, the large diversity of enzymes required to metabo-
lize the insoluble, recalcitrant polysaccharides of plant
cell walls seems to have been generated both by adapt-
ing similar frameworks for different purposes and by
recruiting altogether different framework structures.

Methods

Crystallization, structure determination and refinement of
CelC. Endoglucanase CelC was expressed in Escherichia coli,
purified, and crystallized as described?®. Two crystal forms were
obtained: orthorhombic (P2,2,2,) witha=51.4 A, b=84.3 A, ¢=87.5
A and tetragonal (P4,2,2) with a=130.6 A, c=69.6 A. Native data
from orthorhombic CelC crystals were collected using synchrotron
radiation at EMBL-DESY, Hamburg (beamline X31, A=0.9 A). Data
reduction (Table 1) was carried out with programs DENZO and

SCALEPACK (Z. Otwinowski, unpublished program). Tetragonal
crystals of CelC diffract to lower resolution; a preliminary data
set was collected at 3.5 A resolution using a Siemens/ Xentronics
area detector mounted on a Rigaku rotating anode generator
(28,416 observed reflections, 7,258 independent reflections, 99.8
% complete, R =231 %).

The crystal structure of CelC was determined using MIR phases
(Table 1) and density averaging between the two crystal forms.
Calculations were performed with the CCP4 suite of programs?°
and the locally written program AVGMAP for density averaging
(PMA, unpublished program). An electron density map of the
orthorhombic crystal form, calculated with 3 A MIR phases (figure
of merit 0.77), further refined with the program DM from CCP4,
revealed the molecular envelope and the general (ovB), topology
of CelC, but was too discontinuous to allow polypeptide chain
tracing.

The protein region of the MIR map (within the envelope
corresponding to a single protein molecule) was then used as a
search probe in rotation and translation function calculations,
using a version of the program AMoRe (ref. 31) specifically
modified for this purpose, to obtain the position of the enzyme
and initial phase estimates in the tetragonal space group.
Density averaging between the two crystal forms was then
carried out with the program AVGMAP at 3.5 A resolution.
This procedure produced a continuous 3.5 A map in both crystal
forms, despite the high R value of the tetragonal data set.

merge
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Fig. 6 Stereo diagram of the active site of barley (1-3,1-4)-B-glucanase' (PDB code 1GHR),
representative of a distinct family of glycohydrolases (family 17 according to Henrisat?). Labelled
residues are conserved within the family. Glu 232 is the nucieophile, whereas Glu 288 and Glu 93
are both favorably positioned to serve as the acid/base catalyst in the reaction (see text). The
view is oriented as in Fig. 5.

Polypeptide chain tracing in the orthorhombic map was carried
out with the program 032, Crystallographic refinement of the
model at 2.15 A was performed with XPLOR?® using the
parameter set proposed by Engh and Huber**. The final refinement
parameters are listed in Table 1. Residues 95-103 are disordered
and have not been modelled. All 312 non-glycine residues have

Table 1 Data collection, phasing and refinement statistics

Orthorhombic CelC Xynz
Native data collection
Resolution range (A) 20-2.15 10-1.4
Observed reflections 160,050 343,930
Unique reflections 21,016 117,046
R .o (%) 8.6 8.3
Multiplicity 7.6 2.9
Completeness (%) 99.0 96.4
Isomorphous replacement
Derivative Hgdl, MeHgcl Me,PbOAc Hgdl,
Resolution (A) 2.5 2.6 2.7 2.8
R e (%) 14.5 15.0 10.9 11.0
erivatie (%) 26.4 24.8 20.6 28.0
Phasing power 1.6 1.4 1.0 2.7
Number of sites 4 4 1 14
Refinement .
Resolution range (A) 6-2.15 10-1.4
Observed reflections 18,363 117,046
Riror (%) 16.9 18.2
Protein atoms 2,784 5,194
Water molecules . 164 465
r.m.s.d. bond lengths (A) 0.010 0.016
r.m.s.d. bond angles (degrees) 1.5 1.9
r.m.s.d. impropers (degrees) 1.4 1.7
r.m.s.d. B bonded atoms (A?) 1.5 1.7
1Rmerge = th/ |I— o | /th/ (I
szerivative = Z | Fder - Fnat | / 2 | Fnat |
3Rfacu:vr = 2 | Fcalc - Fobs | / E I Fobs |
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¢,y values in allowed regions of the Ramachandran plot, according
to PROCHECK?>,

Crystallization, structure determination and refinement of
XynZ. Purification, and crystallization of the catalytic domain of
XynZ (residues 508-837) have been described?22. Crystals are
triclinic, space group P1, with a=47.10 A, b=51.10 A, c=70.74 A,
o= 100.54°, B = 83.79° and y = 101.64°, with two molecules in
the unit cell. A native data set was collected using synchrotron
radiation (Table 1) as described above for CelC. The structure of
XynZ was determined at 2.8 A resolution using single isomorphous
replacement phases (Table 1) and density averaging between the
two molecules in the asymmetric unit. The positions of eight major
Hg binding sites were found by direct methods using the program
SHELX-90 (ref. 36), and six additional minor sites were identified
by analysis of residual Fourier synthesis. Heavy atom sites were
distributed in two spatial clusters related to each other by a non-
crystallographic symmetry operator which corresponded to the
highest peak in a self-rotation function map. An initial map
calculated at 2.8 A resolution with solvent-flattened phases
revealed the molecular envelopes, but exhibited poor connectivity.
This map was significantly improved by density averaging between
the two molecules in the asymmetric unit using the program
AVGMAP, and an initial model could be built as a discontinuous
polypeptide (chain tracing was facilitated by the recognition of a
typical (a/B), barrel topology at an early stage in map
interpretation).

After obtaining a complete model at 2.8 A resolution, the
structure was refined with program ARP (ref. 37), first at 1.8 A
and then including all data between 10 and 1.4 A resolution.
During this procedure, minor modifications were introduced by
inspection of (3F -2F ) electron density maps. A close analysis of
the water model introduced by ARP was carried out to exclude
solvent sites having poor density or accounting for alternative
side-chain conformations. The revised model was subjected to a
final round of simulated annealing refinement with X-PLOR using
all diffraction intensities. The final atomic model (Fig. 4b) has good
overall stereochemistry (Table 1); among the non-glycine and non-
proline residues, 517 (91 %) have ¢,y values in the ‘most favoured’
regions® of the Ramachandran plot. The rm.s. deviation in main chain
atom positions for the two molecules is 0.34 A.

The atomic coordinates of orthorhombic CelC and XynZ are being
deposited with the Protein Data Bank, Chemistry Department, Broohaven
National Laboratory, Upton, NY 11973.
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Structure determination of the CelC_,, -cellotriose complex.
Tetragonal crystals of a complex between cellotriose and an
inactive mutant of CelC in which the nucleophilic glutamate was
substituted by a cysteine residue (CelCy,q,.) Were obtained as for
wild-type CelC?. Diffraction data was collected to 3 A using a
Siemens/Xentronics area detector and a rotating anode generator.
A total of 27,255 observed reflections was reduced to 11,641
unique reflections (93.3 % complete to 3 A) with an R____ of 15
%. The refined model of orthorhombic CelC was placeci in the
tetragonal unit cell and refined with X-PLOR at 3 A resolution as
described above. Inspection of (2F -F ) and omit maps in the initial
refinement cycles allowed unambiguous tracing of the loop 95—
103 (Fig. 4c), which was disordered in the orthorhombic form.
Electron density consistent with the bound substrate was observed
(Fig. 4¢) but not modelled. After refinement of individual
temperature factors, the crystallographic R-factor is 18.6 % for
10,208 reflections in the 8-3 A resolution range for a model
consisting of protein atoms only. The r.m.s. deviations of bond
lengths, bond angles and improper angles from ideal values are
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